ABSTRACT
INTRODUCTION

Photodynamic
action is a photochemical reaction in the presence of dye which exerts to biological materials to produce chemical alterations as well as to living organisms to induce death or mutations.
The action seems to be radiomimetic in several respects'-'); (a) bacteria or viruses are killed or mutated, (b) the target molecule is thought to be DNA, and (c) oxygen acts as a sensitizer.
The study presented in this report was made to investigate biological responses reflecting injuries produced in DNA molecule.
The merit of the use of photodynamic action would lie in the following points : (a) Selection of dyes or reaction-conditions might give a specific injury to DNA'-6), thus one could avoid the complex situation encountered by ionizing radiations.
(b) The complex of DNA and dye is a good model system to investigate migration of radiation-energy within biological macro molecules").
MATERIALS AND METHODS
Materials
Transforming DNA was extracted by Marmur's method') from a strep tomycin-resistant mutant of Diplococcus pneumoniae (R/Sm). Its concentration was determined spectrophotometrically using the molar extinction coefficient with re spect to phosphate, c (p), of 6,600. The DNA was dissolved in the standard saline citrate (SSC), 0.15 M NaCl and 0.015 M Na3-citrate.
Acridine orange (AO, Tokyo Chemical Industry) was mainly used as a sensitizer. It was dissolved in water-ethanol (1 : 1, v/v), precipitated by adding 0.1 N NaOH and then recrystallized from water-ethanol mixture (1 : 9). Neutralized AO was dissolved in SSC to make a stock solution.
In addition to AO, acridine yellow (Tokyo Chemical Industry), acriflavine (Tokyo Chemical Industry), acrinol (Sankodo), meth ylene blue (Shuzui's Chemicals) and acridine red (Bayer) were also used. All dye solutions were stored in the dark. Methods Irradiation of visible light was carried out by a photoflood lamp (500 W) or a short-arc high pressure xenon lamp (150 W) at a distance of 11.5 and 40 cm from these lamps respectively.
In both cases a filter of circulating water with 5 cm thickness was inserted between sample tubes and a lamp to absorb thermal radiation.
The temperature of solution did not rise beyond 30°C even after 1 hr irradiation.
Monochromatic light was delivered through interference filters and its incident energy was determined by the actinometer of pottasium f errioxalate'° . Irradiation with X-rays was carried out with an X-ray machine (Shimadzu, Shin ai 250) at a dose-rate of 600 R/min.
The irradiation factors were 200 kvp, 20 mA and 0.5 mm Al plus 0.5 mm Cu.
The treated DNA was diluted to make a final concentration of 0.018 /cg/ml and transforming activity was assayed by Ephrussi-Taylor' 1>'s method. At this concentra tion level, the number of transformants depends linearly on DNA concentration. The amount of dye bound to DNA was determined by equilibrium dialysis"). Four ml of DNA solution in a cellophane tube (pre-treated with sodium bicarbonate) were epuilibrated against an outer solution (20 ml) of AO in a silicone-coated Erlenmeyer flask.
After being kept at 30°C for 24 hrs with continuous shaking, the concentrations of AO were determined for inside and outside solutions by spectrophotometry.
In experiments to determine the change in base composition, illuminated DNA AO mixture was dialyzed against SSC to remove the dye. DNA was then pre cipitated by adding two volumes of 95% ethanol and hydrolyzed with 6 N HC1 in a boiling water-bath.
Resulting solution was applied to ascending paper-chro matography (isopropyl alcohol H2O-HCl)13). Each base was extracted from the chromatogram with 0.1 N HCI, and each concentration was determined by ultraviolet absorbance.
The rotary diffusion constant was estimated from the data of flow dichroism at various shear gradients by Wada's method 14). The flow dichroism was measured with an attachment to a Shimadzu spectrophotometer (QR-50)15> RESULTS
Factors affecting inactivation
When the solution of transforming DNA saturated with air was illuminated in the presence of AO, the surviving fraction was decreased with increasing illumination time as shown in Fig. 1 . It is also seen that higher concentrations of the dye give larger inactivation up to the saturation level. The relation between the apparent initial rate-constant of inactivation (k.,,.) and the concentration of AO is shown in Fig. 2 . Since average light intensity (I) in the absorbing solution is lower than incident intensity (Is) at front wall of a test tube because of the optical shielding effect, the rate-constants were corrected with respect to the optical shielding effect according to the following equation,
where a is the molar absorption coefficient of the dye at 492 mµ (absorption peak), c the molar concentration and 1 is the thickness of solution.
The corrected values (kcor.) are also shown in Fig. 2 . It can be seen that, different from the plots of apparent rate-constants, the corrected rate-constant increases with increasing AO concentration to as high as 40 /zg/ml. Since the plot of the amount of bound dye at various concentrations of AO (triangles is able to be superposed on the plot of kcor ,, it is very likely that the bound dye is exclusively effective for the inactivation. As neither AO nor light had effect, the inactivation is due to the co-action of visible light and AO bound to DNA. Since AO pre-illuminated with visible light did not inactivate the DNA, the photodynamic inactivation is not induced by the products resulting from photolysis of the dye.
In order to test oxygen effect which had been observed in in vivo studies'-3), experiments were made for solutions from which oxygen was eliminated by bubbling nitrogen gas. As can be seen in Fig. 3 , the inactivation under anoxia is very little as compared with that under oxygenated condition.
In view of the fact that acridine dyes photo-oxidize p-toluenediamine16) and allylthiourea'1), the observed requirement of oxygen in the present system suggests that photodynamic inactivation may involve a dye-sensitized oxidation.
It was observed that the extent of photodynamic inactivation is dependent on salt concentration.
The inactivation proceeded faster under lower salt concen trations as shown in Fig. 4 . On the other hand, the data of equilibrium dialysis showed that the binding amount of AO was increased in the solution of lower salt concentration (Fig. 5) . It follows, then, that the extent of photodynamic inactivation was greater when larger amount of AO was bound to DNA.
This result is con Aliquots were withdrawn at various times indicated on the ab scissa, diluted ten-folds with SSC, and again diluted ten-folds with the medium for transformation and the transforming activity was assayed.
Final concent rations of AO were 0 (7), 1.3 (A), 2.5
(E]), 13 (0) and 38 pg/ml (10). DNA, 2 ug/ml : (9), the apparent rate-constant ; (0), the corrected rate-constant ; (Q), molar ratio of Db/p. sistent with the view that the inacti vation is due to the sensitized reaction by the bound dye.
The DNA pre-irradiated with X-rays, which gave survival fractions of 85 and 70% at 1,200 and 3,000 R respectively, showed the same photodynamic inacti vation curves as that of unirradiated DNA.
The reconstituted DNA from heat-denatured one at a concentration of 40 pg/ml by being kept at 65°C for 3 hrs (renaturation efficiency, 30 %) had also the same sensitivity as that of native DNA.
It appears therefore that minor alterations in the structure of DNA did not affect the sensitivity to the photodynamic action. 
Action spectrum
The photodynamic inactivation curves with AO at 490.5 m/t (near the monomer band) and 470.5 my (near the dimer band) are shown in Fig. 6 . It is seen that monochromatic light gives a single hit curve. When the extent of inactivation, (In 100-In S)/E, where S is surviving fraction (%) and E is incident energy, was plotted against wavelength, an action spectrum was obtained (Fig. 7) . It can be seen that the action spectrum is not identical with the absorption spectrum of the sample solution (the dotted line in Fig. 7 ) but rather it resembles that of a DNA-AO mixture of a high molar ratio of nucleotides to added AO (p/D=120). Since most of the dye molecules are assumed to be bound at such a high p/D ratio, the observed resemblance of the action spectrum to the absorption spectrum of DNA-AO mixture with the high ratio suggests again the involvement of bound dye in the photodynamic inactivation of DNA.
Photodynamic inactivation by various dyes
The photodynamic inactivations by various acridine dyes, methylene blue and acridine red (a xanthene dye) at the same molar concentration are shown in Fig. 8 . Among the dyes examined, methylene blue was the most effective and acridine red the least. However, the difference in the sensitivity is only apparent, since each dye has a proper absorption spectrum and a proper binding constant, and the energy distribution of incident light with respect to wavelength is not uniform.
DNA alterations by the photodynamic action
The base composition of the DNA before and after irradiation with visible light in the presence of AO is shown in Table 1 . In contrast to the case of methylene blue'), the specific loss of guanine base was little but is still significant.
The measurement of rotary diffusion constant gives the information about the length of long-and short axes of the rigid ellipsoid of revolution.
After 4 hr irra diation of visible light on DNA (178,ug/ml) in the presence of AO (6.2 /-cg/ml) in 1 x 10-3M phosphate buffer, pH 7 (con taining 2.5 x 10-3 M NaCI and 1 x 10-4 M EDTA), the constant was found to be increased to 90 sec-1 as compared with the value, 18 sec-1, for native DNA. The increment of the rotary diffusion constant would be accounted for by the shortening of the molecular length of DNA. This con clusion was derived from the follow ing evidences:
(1) The action spectrum of the inactivation was consistent with the absorption spectrum of the bound dye rather than that of free dye. (2) The initial rate constant of inactivation ran parallel with the amount of bound dye and the extent of inacti vation is greater in a medium of lower ionic strength. Irradiation was performed at a distance of 11.5 cm from a photoflood lamp (500-watt) in glass test tubes (1.3 cm in diameter). The medium was 1 x 10-3 M-phosphate buffer containing 2.5x 10-3 M-NaCI and 1 x 10-4 M-EDTA (pH 7, p=5.8x 10-3). Concentrations of DNA and AO, and the irra diation times were as follows respectively.
(a), 300 ,ig/ml, l x 10-'M, 25 hr ; (b), 300pg/ml, Ix 10-'M, 20hr ; (c), 500 ug/ml, 1X10-1M, 15hr. 
